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Metal nanoparticles have generated considerable interest in recent years owing 
to their potential applications, however metal nanoparticles have been 
observed in colored glasses since the late Bronze Age (1200 – 1000 BC) [1]. Its 
intense color and unusual color change had fascinated many civilizations, 
including Celts and Romans. A famous colored glass example is the Lycurgus 
cup from the 4th century. In the Middle Ages and Renaissance, the use of 
metal nanoparticles had expanded in Europe. It was mainly applied in the 
fabrication of color glaze decorations on ceramics and church windows [2]. The 
fabrication process of red glasses expanded worldwide. A famous example 
outside Europe is the Satsuma glasses produced in Japan from the 19th 
century [3]. The nature of the intense color of these glasses was only 
understood in the 1850s by Faraday [4]. By studying ruby glasses, he 
concluded that its color was due to dispersed gold nanoparticles. 
The revival of interest in metal nanoparticles has arisen after several 
advances in fundamental physical and chemical science [5-7]. In the beginning 
of the 20th century, the unusual optical properties were linked to the 
confinement of the quasi-free electrons within the nanoparticles by Mie and 
Maxwell-Garnett investigations [5]. Metal nanoparticles support the resonant 
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collective oscillation of these quasi-free electrons by an electromagnetic field 
excitation as shown in Figure 1.1. This phenomenon is known as localized 




Figure 1.1: Schematic representation of the localized surface plasmon 
resonance of metal nanoparticle. The quasi-free electrons displacement relative 
to the particle is shown in yellow. 
 
 
With advances in the fabrication methods and characterization of metal 
nanoparticles, better understanding of the fundamental properties provided 
more advanced insights, including quantum mechanical effects and inter-
particle interaction [8]. From the 20th century, experimental and theoretical 
investigations largely expanded the possibility of applications of metal 
nanoparticles’ LSPR in nanotechnology, raging from biological sensing [9] and 
cancer treatment [10] to quantum information transfer [11] and ultrafast 
applications [12] in nanophotonics. 
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1.1 Background of NLO properties of metal nanoparticles 
Metals nanoparticles have generated considerable interest owing to a strong 
enhancement of their effective nonlinear optical response [13-15]. This 
enhancement is achieved by the LSPR [5]. Due to large nonlinearity and 
ultrafast response, metal nanoparticles have potential for applications in 
nanophotonics technology, including third-harmonic generation, wavelength 
tuning, and all-optical signal processing and switching [16-18]. By optimizing 
the nanoparticle’s size and shape, the control of the light confinement in the 
nanoscale via nonlinear modulation of the local electric field may provide new 
interesting applications [17]. 
 
 
Figure 1.2: Schematic representation of the nonlinear optical response in a 
strong electromagnetic field. 
 
When a metal nanoparticle is subject to a strong electromagnetic field 
the motion of the electrons cannot be considered harmonic and the induced 
polarization P becomes nonlinear with respect to the applied field (Figure 
1.2). The anharmonic P can be expanded as power series in respect to the 
electric field E. In nanospheres, the even-order nonlinearities vanish due to 
inversion symmetry [19]. Therefore, the first non-zero nonlinear component is 
the third-order. This component contains terms in the applied frequencies 
leading to nonlinear changes of the dielectric function, known as optical Kerr 
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effect. Owing to the plasmonics effects, the effective third-order susceptibility 
χeff
(3)  of Ag nanoparticles composites is strongly enhanced by the forth power 
of the local field factor fl2 (ω probe ) fl (ω pump )
2 . Using Maxwell-Garnett effective 
medium approximation, χeff(3)  can be expressed as 
 
χeff
(3)(ω probe ) = pfl2 (ω probe ) fl (ω pump )
2
χm
(3)(ω probe ) ,    (1.1) 
 
where p is the volume fraction of metal and χm(3)  is the intrinsic third-order 
susceptibility of Ag nanoparticles itself. To understand χeff(3) , characterization 
of the local field factor and χm(3)  are necessary. 
Experimentally, the third-order nonlinearities of metal nanoparticles 
have been investigated by means of Z-scan, degenerate four-wave mixing 
(DFWM), and pump-and-probe methods [20-23]. In the last 25 years, the 
evaluations of the χeff(3) , and rarely χm(3) , were often performed for one 
wavelength only. Far-field optical measurements of metal nanoparticles have 
proven challenging due to reduced absorption and scattering with a-3 and a-6, 
respectively [24]. Figure 1.3 shows a review of χ (3)  by Stepanov [25]. Owing to 
the resonant behavior of the conduction electrons of the Ag nanoparticles, χeff(3)  
shows strong spectral dependence. Furthermore, quantum finite-size effects 
modify the plasmon resonance of Ag particles smaller than 15 nm and it is 
expect to impact the nonlinear response. Scattered values of χeff(3)  for different 
particle sizes at various excitation laser characteristics restrict the 








Figure 1.3: Optical nonlinearities parameters from the literature reviewed by 
A. L. Stepanov [25]. χ (3)  represents the effective third-order susceptibility of 
the Ag nanoparticles composite. 
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Quantum finite-size effects lead to a substantial change in the plasmonic 
resonance of Ag nanoparticles. Scholl et al. [26] experimentally showed 
plasmonic resonance blueshift of 0.5 eV with decrease of particle size from 20 
to 1.7 nm. Using an analytical quantum model, these authors attributed the 
blueshift to an increase in the dielectric function of the Ag nanoparticles. 
However, quantum effects in the nonlinear properties remain poorly 
understood. Using DFWM, Ushida et al. [27] investigated the size dependence 
of χm(3)  of Ag nanoparticles for sizes varying from 4.2 to 31 nm. These 
authors concluded that χm(3)  is roughly size independent. Using DFWM, Yang 
et al. [28] investigated Cu nanoparticles for sizes varying from 5.2 to 12.6 nm. 
These authors concluded that χm(3)  shows 1/a3 dependence. It’s expected that 
the size dependence of χm(3)  is due to the contribution of conduction electrons 
only. From the noble metals, Cu has the relative highest contribution of 
interband transitions at the LSPR. Consequently, Ag particles are expected to 
be highly sensitive to the quantum finite-size effects. Using a numerical and 
analytical approach, Govyadinov et al. [29] have yielded predictions of 
spectral and size dependences of χm(3) . 
Optical nonlinearities of Ag nanoparticles not only depend on intrinsic 
nonlinearities χm(3)  but also on extrinsic components, volume fraction and local 
field factor. Ag nanoparticles has been investigated with respect to excitation 
intensity dependence. The sign of the transient transmission changes ΔT /T  
has been found to change with the excitation intensity. Gurudas et al. [30] 
and Zeng et al. [31] have reported positive to negative sign change with 
increasing excitation intensity. Conversely, Henari et al. [32] have reported 
negative to positive sign change. The origin of ΔT /T  has been attributed to 
several processes. Intuitively, positive ΔT /T  is explained as saturation of the 
conduction electron transitions. On the other hand, negative ΔT /T  is 
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explained by conflicting processes, including two- and three-photon 
absorption, reverse saturable absorption, and nonlinear scattering [30-32]. 
Using a numerical calculation, Drachev et al. [33] have reported the nonlinear 
modulation of the plasmonic resonance of a 22-nm-sized Ag particle. These 
authors yielded predictions of plasmonic resonance redshifts at strong 
excitation. Experimental investigations show conflicting results with those 
derived from numerical calculations. 
  
 
1.2 Fundamentals of NLO properties of metal 
nanoparticles 
Induced polarization P expanded in a power series of the electric field E [34] 
 
P = εm,0 χm(1)E+ χm(2)EE+ χm(3)EEE+ χm(4 )EEEE+ ...( ) .   (1.2) 
 
For centrosymmetric media (i.e. spheres), the even-orders χm(n)  vanish. The 
first non-zero χm(n)  is then the third-order as 
 
P = εm,0 χm(1) + χm(3) E 2( )E .       (1.3) 
 
1.2.1 Effective third-order nonlinear susceptibility of spherical metal particles 
composite 
Under Maxwell-Garnett effective medium approximation (EMA), the effective 
dielectric function εeff  is given as [19] 
 
εeff − εd
Lεeff + 1− L( )εd
= p εm − εdLεm + 1− L( )εd
, L = 1/3 for spheres. (1.4a) 
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εeff = εd
1+ 2p( )εm + 2 1− p( )εd
1− p( )εm + 2 + p( )εd
,      (1.4b) 
εeff =
1+ 2p( )εmεd
1− p( )εm + 2 + p( )εd
+
2 1− p( )εd2
1− p( )εm + 2 + p( )εd
,    (1.4b) 
 
where p is the volume fraction of Ag nanoparticles. For a small-induced 
change, the variation of εeff  and εm  can be expressed as 
 
δεeff = 34 χeff
(3) E0
2 ,        (1.5a) 
δεm = 34 χm
(3) E 2 .        (1.5a) 
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,   (1.7c) 
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then we obtain, 
 
χeff










(3) .      (1.10) 
 
 
1.3 Motivation and research objective 
Despite the great effort to investigate the nonlinear optical properties of metal 
nanostructures in the last 25 years, much remains to be understood in 
fundamental optical properties. Experimentally, the optical nonlinearities of 
metal nanoparticles have been often investigated for one wavelength only. 
Owing to the plasmonic resonance of the Ag nanoparticles, optical 
nonlinearities are expected to shows strong spectral dependence around the 
LSPR. Scattered experimental measurements for different particle sizes at 
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various excitation laser characteristics restrict the understanding of the 
mechanisms underlying the optical nonlinearities of Ag nanoparticles. 
Quantum finite-size effects on the intrinsic nonlinear optical response of 
metal nanostructures have been experimentally investigated by several groups. 
For Ag particles, size independence to the intrinsic nonlinear optical 
properties has been concluded [27]. Cu particles were found to follow the 1/a3 
dependence [28]. There has been no explanation for these conflicting 
experimental results. Optical nonlinearities of Ag nanostructures not only 
depend on intrinsic nonlinearities but also on extrinsic components, volume 
fraction and local field factor. Using a numerical calculation, Drachev et al. 
[33] have reported the nonlinear modulation of the plasmonic resonance of a 
22-nm-sized Ag particle. These authors yielded predictions of plasmonic 
resonance redshifts at strong excitation via nonlinear modulation of the local 
field factor. Experimental evaluation of the dispersion of the optical 
nonlinearities with excitation dependence is necessary for comprehending the 
modulation of the local field factor. 
This thesis describes the fabrication of Ag nanoparticles embedded in 
silica glass by ion-implantation. Ion-implanted metal nanoparticles have 
several advantages, including chemical stability and ligands free. Several 
samples were fabricated with average particle sizes from 3.0 to 16 nm. By 
using femtosecond pump-and-probe spectroscopy, the dispersion of the optical 
nonlinearities was investigated. This technique has the advantage to analyze 
the optical nonlinearities in a wide wavelength range. I have systematically 
investigated the size dependence in the intrinsic nonlinear optical properties of 
3.0-16-nm-size Ag nanoparticles in silica glass. From these results, the 
quantum finite-size effects were discussed. In addition, I have systematically 
investigated the excitation power dependence in the nonlinear optical 
properties of Ag nanoparticles embedded in silica glass. From these results, 
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the modulation of the local field factor controlled by optical nonlinearity was 
discussed. This Thesis will explore fundamental properties of metal 
nanoparticles and discuss the conflicting results from previous investigations. 
To move the nanoplasmonics technology from concepts to applications 
significant challenges and clarification of fundamental optical properties have 
to be solved. Also, better understanding of optical nonlinearities of metal 
nanostructures may provide new interesting application in quantum 
plasmonics, including single-photon generation and ultra-compact devices for 
integrated components [35,36]. 










Owing to potential applications to nanotechnology, metal nanoparticles have 
generated considerable interest. The development of nanofabrication 
techniques along with nanocharacterization has allowed the exploration of the 
fundamental optical properties. The linear optical properties of these 
nanoparticles have been extensively characterized. However, several 
experimental investigations have shown plasmon resonances redshifts or 
blueshifts as the particle size decreases owing to a small absorption and 
scattering of metal particles smaller than the electron mean free path [26, 37-
39]. For colloidal nanoparticles, the surface damping effects of the ligands also 
modify the optical properties [26]. Classical theoretical calculations have 
predicted plasmon resonance redshift as the particle decreases. These 
calculations include increased electron surface scattering for smaller particles 
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to modify the metal permittivity by using Drude model [26]. Contrarily, 
density functional theory (DFT) has predicted plasmon resonance blueshift as 
the particle decreases. However, DFT calculation is limited by computation 
time and can predict metal permittivity up to 2 nm [8]. 
More recently, theoretical and experimental investigations have 
characterized the quantum behavior of the conduction electrons inside the 
metal nanoparticles. By using aberration-corrected transmission electron 
microscope (TEM) imaging along with scanning TEM electron-loss 
spectroscopy, Scholl et al. [26] observed a plasmon resonance blueshift of 
individual Ag particles without ligands as the particle size decrease. By using 
Drude model and Lorentzian terms defined quantum mechanically, these 
authors calculated the permittivity of Ag nanoparticles considering the 
conduction electrons as a free electrons gas in an infinite spherical potential 
well. Similarly to experimental results, a plasmon resonance blueshift was 
predicted as the particle size decreases from 25 to 2 nm with a strong shift for 
particles smaller than 10 nm. 
In this Chapter, the fabrication and structural characterization of the 
ion-implanted Ag nanoparticles embedded in SiO2 is described. Ion-implanted 
metal nanoparticles have several advantages, including chemical stability and 
ligands free. In general, size distribution of ion-implanted nanoparticles 
obscures the size effects in LSPR. However, here I show the linear optical 
properties of the present samples and the compatibility with experimental and 
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2.2 Samples fabrication 
 
2.2.1 Ion beam implantation 
Ion accelerator system injects atoms into the near surface of a substrate for 
material modification and fabrication of metal nanoparticles composites [41-
43]. Here, the implantation was realized with a high-current 60 keV Ag- beam. 
Ag- ions were generated by a Cs-assisted Ag source of plasma sputter type. 
Negative ions have the advantage to reduce the surface charging by balancing 
with secondary electron emission from the substrate interface [44].	   Vertical 
and horizontal scanners at 5.0 and 0.9 kHz, respectively, were used to improve 
the ion beam distribution. The total fluence, number of ions corresponding to 
a cross-sectional area, of Ag- ions was varied from 2.4 to 5.2 x 1016 ion/cm2 to 
control the particle size. The total fluence was obtained by multiplying the 
implantation time with the ion beam current of 1.6 µA/cm2 measured by a 
Faraday cup [44]. The ion implantation was realized in amorphous SiO2 
substrates (KU-1: OH 820 ppm). The fabrication of the samples was carried 
out in a controlled vacuum lower than 10-4 Pa. Ag- ions range was estimated 
by TRIM code that is a Monte Carlo (MC) simulation. This code calculates 
the ion range into the substrate using a quantum mechanical approach 
considering the ion-atom collisions [45]. For a 60 keV Ag- ions into a SiO2 
substrate, the estimated ion range was of 39 nm (Figure 2.1). The ion 
implantation leads to an approximately Gaussian depth distribution. 
Sputtering of Ag- ions and atoms from the substrate owing to the fabrication 
process were not considered. Nevertheless, this result shows that the Ag- ions 
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  Figure	  2.1:	  Estimated ion range by using TRIM code. Calculation based on 60 
keV Ag- ions into a SiO2 substrate and total fluence of 1017 ion/cm2. 
 
 
The nanoparticles formation inside a substrate is the result of several 
processes, including ion implantation, diffusion, nucleation and ultimately the 
nanoparticles growth [25]. A schematic description of these processes with 
respect to the total fluence is shown in Figure 2.2. For a 60 keV Ag- ions in 
silica glass, the ions reach the solubility threshold inside the substrate around 
5 x 1015 ion/cm2. As the Ag- ions slow down, Ag-Ag bonds formation are 
preferred. Although Ag-O has a lower Gibbs free energy of -2.68 kcal/mol 
than pure Ag metal of 0 kcal/mol, SiO2 formation has a much lower free 
energy of -200 kcal/mol. Therefore, oxygen preferably will bond with silicon to 






Ag	  ions	  depth 
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system total energy. These Gibbs free energies are values calculated at 25 oC. 
After reaching the supersaturation of Ag atoms, nucleation and spherical-
particle growth takes place by an irradiation-enhanced diffusion process [43]. 
In a supersaturated system, smaller particles are more energetically unstable. 
Ostwald ripening is the dissolution of these smaller particles creating free Ag 
atoms that are then incorporated into larger particles. This reduces the 
particles’ surface to area ratio. As the particles grow, Ostwald ripening effect 
enhances the particle growth by reaching a more thermodynamically stable 




Figure 2.2: Schematic description of ion implantation and particle growth 
processes with respect to the total fluence [25]. 
 
 
2.2.2 Structural characterization 
Small-angle X-ray scattering (SAXS) is a technique that measures the elastic 
scattering of X-rays at very low angles by a sample containing clusters in the 
nanosize range. Here, particle size and distribution were analyzed by SAXS 
(Rigaku, Mo target PSAXS 3S). By using the Debye equation, the general 
formulation for the scattered intensity of the SAXS profile is given as [46] 
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∑ ,       (2.1) 
 
where sin Qrij( ) Qrij  can be simplified with Mclaurin series. For a very small 
angle, Guinier approximation is given by 
 
I(Q) = I(0)exp −Rg2Q2 / 3( ) ,       (2.2a) 
 
d = 2Rg 5 / 3 ,        (2.2b) 
 
where Rg is the radius of gyration and d is the particle diameter. 
 
 
Figure 2.3: SAXS profile of Ag nanoparticles embedded in silica glass. Black 
line represents the virgin substrate. 
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The analyzed particle size diameter and standard deviation calculated 
from a log-normal size distribution are shown in Table 2.1. By SAXS profile, 
samples AgSiO2_32 showed a broad size distribution, therefore, was 
discarded. 
 
Table 2.1: Description of average Ag particle sizes. Ag nanoparticles 
embedded in silica glass. 




AgSiO2_24 2.4 3.0 ±  0.6 
AgSiO2_28 2.8 6.6 ±  0.6 
AgSiO2_36 3.6 9.6 ±  1.1 
AgSiO2_40 4.0 12 ±  1.0 
AgSiO2_44 4.4 13 ±  1.2 
AgSiO2_48 4.8 15 ±  1.4 
AgSiO2_52 5.2 16 ±  1.4 
 
 
2.3 Linear optical properties 
 
2.3.1 Spectroscopic ellipsometry measurements 
Spectroscopic ellipsometry is a technique that measures the polarization 
changes of the reflected light from a sample. These changes are quantified by 
the phase difference Δ  and amplitude ratio ψ  between the p- and s-polarized 
light waves [47] 
 
tanψ exp(iΔ) ≡ rprs
,        (2.3) 
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where rp and rs are the reflection coefficient of the p- and s-polarizations. Here, 
the linear optical properties, including the dielectric functions and 
transmission, were analyzed by the rotating analyzer spectroscopic 
ellipsometry (J. A. Woollam, VASE). The equipment provides spectral range 
from 240 to 1100 nm. Angles of incident were defined from 55o to 65o with 5o 
step. For a silica glass substrate, this angle increases the ellipsometry 
sensitivity by maximizing the differences between the p- and s-polarizations 
owing to proximity to the Brewster angle [47].  
Ellipsometry is an indirect measurement technique; therefore an optical 
model is needed to obtain the optical properties. Owing to a low volume 
fraction of Ag (< 10%) and single particle size distribution in the fabricated 
samples, the particles layer was assumed homogeneous and Maxwell-Garnett 
effective medium theory (EMA) was applied. The optical properties of the 
EMA, Ag particles composite, was modeled by using the intrinsic optical 
properties of the Ag particles and SiO2. The imaginary component of the Ag 
dielectric function was modeled as oscillators accounting for the contribution 
of free and bound electrons. The imaginary component of the SiO2 was 
modeled by Cauchy functions. Fitting process was quantified by the root 
mean squared error values. The real components were obtained by Kramers 














Figure 2.4: Experimental and fitting of ψ  and Δ  of 13-nm-Ag nanoparticles. 
 
From the ellipsometric model, the layer thickness and volume fraction of 
Ag embedded in SiO2 were analyzed and shown in Table 2.2. As the particle 
size increases, the Ag particles layer and volume fraction decreases and 
increases, respectively. This is due to the fabrication process by ion 
implantation. With increase of implantation time, the amount of Ag atoms 
increases and a complex process, including sputtering effects, reduces the 
depth of Ag particles inside the SiO2. 
Experimental Data
Wavelength (nm)
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Table 2.2: Description of structural properties of Ag particles composite layer. 




AgSiO2_24 65 3.2 
AgSiO2_28 62 3.8 
AgSiO2_36 61 4.6 
AgSiO2_40 59 5.4 
AgSiO2_44 56 6.2 
AgSiO2_48 52 7.5 
AgSiO2_52 53 7.9 
 
 
2.3.2 Size dependence of the linear optical properties 
From ellipsometric model, the dielectric function of the Ag particles 
composites (EMA) was analyzed and shown in Figure 2.5. The resonance 
structure of the dielectric function of Ag particles composites is due to the 
dipole plasmon resonance. As the particle size increases, the intensity of the 
dielectric function around the LSPR increases owing to the local field 
enhancement. This increase can also be observed in the absorption coefficient 
(Figure 2.6). The absorption coefficient of metal particles can be related to the 
local field factor f and Ag imaginary component of the dielectric function ′′εm  
as 
 





2 ′′εm ,        (2.4) 
 
where p is the volume fraction of Ag, n is the refractive index of silica glass 
and c is the speed of light. 






Figure 2.5: a) Real and b) imaginary components of the dielectric function of 
Ag nanoparticles composites with average particles sizes ranging from 3.0 to 





























Figure 2.6: Absorption coefficient of Ag nanoparticles embedded in silica glass 
with average particles sizes ranging from 3.0 to 16 nm as labeled. 
 
 
The intrinsic dielectric function of Ag particles εm  was also analyzed by 
the spectroscopic ellipsometry and is shown in Figure 2.7. Bulk dielectric 
function of Ag measured by Johnson and Christy [48] is shown as a black 
dashed line. As the Ag particle size decrease, one can observe an overall 
intensity increase in the real and imaginary components. To understand the 
size dependence in the linear optical properties, the calculation of the 
absorption coefficient by using a density functional theory (DFT) model with 




































	    
 
Figure 2.7: a) Real and b) imaginary components of the intrinsic dielectric 
function of Ag nanoparticles with average particles sizes ranging from 3.0 to 
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Figure 2.8 shows the experimental peak position of the LSPR of 
individual Ag particles by using monochromated scanning TEM electron 
energy-loss spectroscopy (black dots) [26]. White dashed line indicates the 
classical Mie Theory peak position prediction. Grey dots and line indicate 
experimental and theoretical predictions, respectively, of the bulk resonance 
peak position. By optical measurements, the bulk resonance cannot be 
observed owing to the mode symmetry. Therefore, the bulk resonance will not 
be discussed here. The normalized absorption efficiency obtained by 
extrapolating the DFT-calculated dielectric function is also shown. Under 
particle size of 2.7 nm, DFT technique was used to obtain the dielectric 
function of Ag particles. From 2.7 to 25 nm, the results were extrapolated. 
From experimental and theoretical results, a strong peak blueshift was 





Figure 2.8: Normalized absorption efficiency of Ag particles [26]. 
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The plasmon resonance blueshift of Ag particles with size decrease are 
explained as quantum finite-size effects. For particle sizes in the quantum 
regime, the conduction electrons have discrete energy levels. Consequently, 
only certain electronic transitions are allowed. This discretization of electronic 
transitions modifies the dielectric function of the metal particle, leading to the 
plasmon resonance shift with particle size (Figure 2.9). The above 
experimental and theoretical results of the linear optical properties of Ag 
particles from the literature show that the present ion-implanted samples have 
compatible results and therefore suitable for characterization of size 





Figure 2.9: a) Larger particles than 10 nm, LSPR is described as a collective 
oscillations of a free electron gas. b) For particles smaller than 10 nm, 
quantum finite-size effects result in the plasmon resonance energy blueshift 
[49]. 









Theoretical approaches, quantum finite-size effects of conduction electrons 
and classical Mie theory, to optical properties of metal particles have yielded 
predictions regarding strong spectral dependence of χeff(3)  [50]. However, 
experimental investigations were mostly realized for single wavelengths only 
by means of Z-scan, degenerate four-wave mixing (DFWM), and pump-and-
probe methods. This treatment restricts the understanding of the 
mechanisms underlying the nonlinear optical properties (See Fig 1.3). 
In this Chapter, the dispersion of χeff(3)  of Ag nanoparticles embedded in 
silica glass is investigated around the LSPR. Experimentally, χeff(3)  was 
obtained from the refractive index of the Ag nanoparticles layer using a 
spectroscopic ellipsometry and ΔT /T  using a femtosecond pump-and-probe 
spectroscopy. Under Maxwell-Garnett approximation, as described in 
chapter 1, 




(3)(ω probe ) = pfl2 (ω probe ) fl (ω pump )
2
χm
(3)(ω probe ) .    (3.1) 
 
Individual contribution of the local field factor and χm(3)  are discussed. 
These quantities are compared to those from calculated results. Around the 
LSPR, the dispersion of the χeff(3)  greatly reflects the local field enhancement. 
 
 
3.2 Pump-and-probe spectroscopy 
 
3.2.1 Scope 
Optical nonlinearities of Ag nanoparticles have been investigated by means 
of pump-and-probe spectroscopy (Fig. 3.1). This technique has the 
advantage to analyze the optical nonlinearities in a wide wavelength range. 
Furthermore, excitation beam at 500 Hz with pulse duration of 130 fs was 
utilized to avoid thermal effects. 
 
3.2.2 Z-scan technique 
As mentioned above, the evaluations of the χeff(3) , and rarely χm(3) , were often 
performed for single wavelengths only by means of Z-scan technique. This 
technique has the advantage of a simple experimental set-up using a single 
beam. A brief description of this technique is described here [51-52]. By 
using a focused laser beam, the transmission of a nonlinear sample is 
measured through an aperture. The transmission is recorded by scanning in 
the z-axis, starting from a distance away from the focus point (negative z) 
passing at focus point (z = 0) and finishes away from the focus point 
(positive z), see Figure 3.1. This technique is based on the spatial Gaussian 
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beam distortion as the sample is scanned in the z-axis. From the “open” and 
“closed” aperture data collections, the nonlinear absorption coefficient β  and 
index of refraction γ  are, respectively, obtained and can be written as 
 
α =α 0 + β I ,         (3.2a) 
n = n0 + γ I ,         (3.2b) 
 
where α 0  and n0  are the linear absorption and refractive index. I is the 









β ,        (3.3b) 
 





Figure 3.1:  Schematic diagram of Z-scan technique. 	   	  
	  	   	   	   	   	   	   PD z	  axis 
Lens SAMPLE Aperture 
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3.2.3 Pump-and-probe spectroscopy method 
 
 
Figure 3.2:  Schematic diagram of pump-and-probe spectroscopy. 
 
Pump-and-probe spectroscopy uses two beams, so-called pump and probe. 
They were generated by a regenerative amplifier. In this system, 800-nm at 
80-MHz pulses, generated by Millennia V and Tsunami (Spectra Physics), 
are trapped in a laser resonator cavity (Spitfire, Spectra Physics) with 
Ti:Al2O3 amplification medium. This medium was optically pumped by 527-
nm pulses (Empower, Spectra Physics). These pulses are kept in the 
resonator by using a Pockels cell and a broadband polarizer. After 
extracting the energy stored in the cavity, the 800-nm fundamental beam at 
1 KHz is extracted and equally divided into pump and probe beams [53]. 
The samples were excited by a pump-beam with wavelength and 
tunable intensity of 400 nm and 0.1-50 GW/cm2, respectively. Pulse width 
and repetition of 130 fs and 500 Hz, respectively. These parameters were 
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probe-beam was generated by focusing the fundamental beam into a water 
cell or CaF2. The femtosecond white-light continuum was produced by a 
nonlinear process known as self-phase modulation [54]. After passing through 
the samples, the probe-beam was analyzed by a spectrometer and CCD 
camera. By modifying the pump-beam optical path, the delay between pump 
and probe beams was controlled for time resolved spectroscopy. Figure 3.2 
shows the transient transmission changes ΔT T  of Ag NPs embedded in 
silica glass as a function of excitation intensity. At low excitation power, the 
optical nonlinearities are proportional to the excitation intensity. At higher 
intensity, nonlinear local field effects and higher nonlinear orders have to be 
considered. Here, the excitation intensity was selected at 0.6 GW/cm2. 
 
 
	    
 
Figure 3.3: Transient transmission changes of Ag NPs embedded in silica 
glass as a function of excitation intensity. 
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The probe white-light continuum has a strong chirp due to the group 
velocity dispersion by the chosen nonlinear crystal [book, Femtosecond 
laser]. In this Chapter, a water cell was used to generate the white-light 
continuum. In Chapter 4 and 5, CaF2 was selected to improve stability and 
intensity of the generated probe pulses. The group velocity dispersion was 
analyzed by measuring the nonlinearities of SrTiO3 and properly corrected 
for the course of experiments. Figure 3.3 shows the probe beam chirp 
characteristics along with a polynomial fitting. It was observed that in the 
spectral range from 350 to 625 nm the continuum shifts nonlinearly 12 ps 




Figure 3.4: Group velocity delay of CaF2 analyzed by measuring the optical 




























The time evolutions of ΔT T  and ΔR R  of 13-nm Ag nanoparticles 
embedded in silica glass at 3.07 and 3.04 eV, respectively, are shown in 
Figure 3.4. These time evolutions exhibit an exponential decay behavior due 
to the electron dynamics inside the metal particles after the laser excitation. 
The pump excitation creates an athermal electron distribution inside the 
metal particles. Electron-electron scattering redistributes the stored energy 
and attains a transient equilibrium. The intensity maximum of ΔT T  and 
ΔR R  in Figure 3.4 reflects this transient equilibrium stage. Subsequently, 
the cooling dynamics of the electrons into the lattice via electron-phonon 




Figure 3.5: Time dependences of the transient transmission and reflection 
changes of 13-nm Ag NPs embedded in silica glass for different probe photon 























CHAPTER 3. DISPERSION OF NLO PROPERTIES OF Ag NANOPARTICLES 34 
	  
Figure 3.5 shows the dispersion of transient transmission and reflection 
changes of Ag nanoparticles embedded in silica glass right after the 
excitation pulse. The spectra show strong photon energy dependence. At the 
LSPR, ΔT T  and ΔR R  show a maximum of 1.07 and a minimum of 0.94, 
respectively. ΔT T  and ΔR R  reduce and increase at lower and higher 
photon energy relatively to the LSPR, respectively. These results were 
combined with those obtained from spectroscopic ellipsometry to evaluate 





Figure 3.6: Transient transmission and reflection changes around the LSPR 
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3.3 Third-order susceptibility of Ag nanoparticles 
 
3.3.1 Experimental 
By considering a weak-induced modification due to an excitation pulse, the 
modulation of the Ag nanoparticles composite’s dielectric function was 
obtained by relating the transient transmission and reflection changes to the 

























Δ ′′εeff ,      (3.2b) 
 
where Δ ′εeff  and Δ ′′εeff  are the real and imaginary components of the 
modulation of the Ag nanoparticles composite’s dielectric function. The χeff(3)  
was evaluated from Δεeff  and can be expressed as 
 
Δε = 34 χeff
(3)I0 ,         (3.3) 
 
where 3/4 accounts for the intensity-dependent refractive index, K factor 
[13]. Io is the pump peak irradiance. The partial differentials (Fig. 3.7) were 
numerically evaluated by using εeff  obtained from ellipsometric analysis and 
shown in Figure 3.5. 
 
 








Figure 3.8 shows the dispersion of the real and imaginary components 
of χeff(3) . The dispersions show strong photon energy dependence. At LSPR, 
the real and imaginary of χeff(3)  show a maximum of 0.9 x 10-17 m2/V2 and a 
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Figure 3.8: Real and imaginary components of the third order susceptibility 





To analyze the χeff(3) , Δεeff  was calculated under the Maxwell-Garnett 
effective medium approximation [50]: 
 
Δεeff =
1+ 2p( )Δεm + 2 1− p( )εd
1− p( )Δεm + 2 + p( )εd
,      (3.4) 
 
where Δεm  is the modulation of the Ag particles’ dielectric function, εd  is 
the dielectric function of silica glass and p is the volume fraction of Ag 
nanoparticles in silica glass. For noble metals, Δεm  can be decomposed into 
free and bound electron components and calculated by using Drude model 
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results, damping constant for free electrons and electron temperature of 
bound electrons were set at 3.6 x 1014 Hz and 600 K, respectively. Non-
excited electron temperature was defined as 300 K. Figure 3.9 shows Δεeff  
along with χeff(3)  for several volume fractions (Fig. 3.9a) and sizes (Fig. 3.9b) 
of Ag nanoparticles. Figure 3.10 shows the calculated χeff(3)  with volume 






















Figure 3.9: Calculated real and imaginary components of the modulation of 
dielectric function along with the third order susceptibility of Ag 
nanoparticles embedded in silica glass. Several a) volume fractions and b) 
sizes of Ag nanoparticles. Damping constant for free electrons and electron 
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Figure 3.10: Calculated real and imaginary components of the third order 
susceptibility of Ag nanoparticles embedded in silica glass. Damping 
constant for free electrons and electron temperature of bound electrons were 




Overall dispersion of the experimental χeff(3)  (Fig. 3.8) can be explained by 
the classically calculated dispersion (Fig. 3.10). The experimental χeff(3)  shows 
a broader resonant structure in comparison to the calculated one. This 
broader structure reflects the linear optical properties. However, the 
asymmetric resonant structure of χeff(3)′′  most probably reflects the 
contribution of the dispersion of the intrinsic third-order susceptibility. 
Quantum finite-size effects and Fermi smearing play an important role in 
the intrinsic nonlinearity of metal nanoparticles. This will be discussed in 
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was fitted to experimental results. Therefore, intensity agreement to the 
experimental χeff(3)  cannot be discussed here. 
Under Maxwell-Garnett approximation (Eq. 3.1), χeff(3)  is proportional 
to fl2 fl
2 . The local field factor was discussed in the Chapter 1. Figure 3.11 
shows the real and imaginary component of the calculated fl2 fl
2 . Around 
the LSPR, the dispersion of χeff(3)  strongly reflects the local field factor due to 
the relative separation distance between the plasmon resonance and 
interband transition edge at 3.9 eV. This result suggests that the nonlinear 
optical properties of Ag nanoparticles are highly sensitive to the 
nanoparticle structure, including shape and size. By optimizing the Ag 
nanoparticle structure, we may control the internal local electric field via 
nonlinearity to favor specific applications. For instance, the dispersion of the
χeff
(3)  of Au and Cu nanoparticles do not directly reflect the local field factor 



















Figure 3.11: Calculated real and imaginary components of the forth power of 




3.4 Chapter summary 
 
I successfully evaluated the dispersion of the real and imaginary components 
of the effective third order susceptibility of Ag nanoparticles embedded in 
silica glass. This result was obtained by using pump-and-probe spectroscopy 
and spectroscopic ellipsometry. 
By analyzing the dispersion of the optical nonlinearities of Ag 
nanoparticles, the contribution of the local field factor to the effective 
nonlinearity was discussed here. Around the LSPR, the dispersion of the 
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enhancement owing to the relative separation distance between the plasmon 
resonance and interband transition edge in contrast to other metal 
nanoparticles, i.e. Au and Cu. The discrepancy between the experimental 
and calculated dispersions at higher photon energy than the resonance peak 
is due to the contribution of the intrinsic nonlinearity dispersion of the Ag 
nanoparticles and will be discussed in the next Chapter. 
 




Size dependence of NLO 




Metal metamaterials have attracted great attention. Owing to the plasmonic 
excitation, these materials are applied to solar cell [58], surface enhanced 
Raman spectroscopy (SERS) [59], and biosensor devices [60]. Its enhanced 
optical nonlinearities and ultrafast response have potential application in 
nanophotonics devices, including ultrafast all-optical signal processing and 
switches, wavelength tuning of lasers, and second- and third-harmonic 
generation [61-65]. However, these hoped-for applications are yet to be 
realized [66]. Basic concepts need to be understood to advance the functional 
concepts toward applications. Despite the effort and great interest in metal 
nanoparticles, quantum finite-size effects in the nonlinear optical properties 
remain poorly understood. 
Size dependence in the linear optical properties has been experimentally 
and theoretically characterized. Experimentally, Ag nanoparticles show a 
substantial plasmon resonance blueshift of 0.5 eV with decreasing particle size 
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from 20 to 1.7 nm. Based on a theory of quantum finite-size effects, the 
discretization of the electrons leads to a strong modification of the Ag particle 
permittivity as the particle size enters the quantum regime. The observed 
blueshift was attributed to the discretization of conduction electrons inside the 
nanoparticle [26]. 
Optical nonlinearities of metal nanoparticles have been often investigated 
at single photon energy by means of Z-scan [51], degenerate four-wave mixing 
(DFWM) [27], and pump-and-probe methods. Measurement at single photon 
energy restricts the understanding of the nonlinear mechanisms. Nonlinear 
optical properties of metal nanoparticles are also expected to show quantum 
finite-size effects. However, Uchida et al. [27] concluded by using nanosecond 
DFWM that χm(3)  of Ag nanoparticles are almost independent of particle size 
in the range of 4.2 to 31 nm. Conversely, based on a theory of quantum finite-
size effects, numerical and analytical calculations have yielded predictions of 
strong size and spectral dependencies of χm(3)  [29]. 
In this Chapter, I have systematically investigated the size dependence 
in the nonlinear optical properties of 3.0-16-nm-size Ag nanoparticles in SiO2. 
Samples description and linear optical properties were discussed in Chapter 2. 
Nonlinear optical properties were evaluated by using spectroscopic 
ellipsometry and pump-and-probe spectroscopy methods. The nonlinear 
mechanisms to χeff(3)  and χm(3)  are discussed here in details. Optical 
nonlinearities of Ag nanoparticles show strong quantum finite-size effects 
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4.2 Third-order susceptibility of Ag nanoparticles 
 
4.2.1 Pump-and-probe spectroscopy: white-light continuum generation 
In this and following Chapter, the probe-beam white-light continuum was 
generated by focusing the fundamental beam into CaF2. The water cell was 
substituted by this crystal to improve stability and intensity of the generated 
probe pulses in the vicinity of LSPR of Ag nanoparticles. Figure 4.1 shows the 





Figure 4.1: Spectral range of white-light continua for three incident 
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4.2.2 Transient transmission changes 
The dispersion of ΔT /T  was measured by using a femtosecond pump-and-
probe spectroscopy. The samples were exited at 0.5 kHz with pulse duration 
and photon energy of 130 fs and 3.1 eV, respectively. Peak power density and 
focal size of 5.1 MW/mm2 and 0.2 mm, respectively. These parameters were 
chosen to avoid thermal effects and higher-order nonlinearities. Excitation 
intensity and ΔT /T  was confirmed linear up to 15 MW/mm2. Figure 4.2 
shows the dispersion of ΔT /T  of Ag nanoparticles in SiO2 with average 
particle sizes ranging from 3.0 to 16 nm. The observed ΔT /T  peak around 
the LSPR exhibits a maximum at 13 nm. This peak shows a blueshift from 





Figure 4.2: Dispersion of the transient transmission changes ΔT /T  of Ag 
nanoparticles in SiO2 with average particles sizes ranging from 3.0 to 16 nm as 
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4.2.3 Evaluation of effective and intrinsic third-order susceptibility 
In this Chapter, χ (3)  was evaluated by combining ΔT  and T  from pump-and-
probe spectroscopy and spectroscopic ellipsometry respectively. First, the 
ellipsometric model was evaluated from the experimental quantities Ψ(ω )  and 
Δ(ω ) , details in Chapter 2. From this model, T  of the Ag nanoparticles layer 
(EMA layer) was obtained. At excitation condition (ΔT +T ), the ellipsometric 
model was re-evaluated by considering a weak-induced modification due to the 
pump pulse. This re-evaluation was performed by fitting the transmission at 
excitation condition through the oscillators’ parameters of Ag nanoparticles 
while keeping the structural parameters and substrate optical constants fixed. 
The transmission of 13-nm-diameter Ag nanoparticles at excitation condition 
along with steady state is shown in Figure 4.3. One can observe that the 
transmission is increased at the LSPR. From this fitting, we extracted the 
modulation of the dielectric function of EMA layer ( εeff + Δεeff ) and Ag 
nanoparticles ( εm + Δεm ). For a 13-nm-diameter Ag nanoparticles, εm + Δεm  
















Figure 4.3: Transmission of 13-nm-diameter Ag nanoparticles at excitation 






















Figure 4.4: a) Real and b) imaginary components of the dielectric function of 
13-nm-diameter Ag nanoparticles at excitation (εmEXC = ε + Δε ) along with 
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4.3 Size dependence of the third-order susceptibility 
 
4.3.1 Effective third-order susceptibility 
From Δεeff , the effective χeff(3)  was evaluated and can be expressed as 
 
Δεeff (ω probe ) = 34 χeff(3)(ω probe )I0 ,      (4.1) 
 
where I0 is the excitation peak irradiance and 3/4 is the K factor for intensity-
dependent refractive index. 
The dispersion of the real and imaginary components of χeff(3)  of Ag 
nanoparticle’s composite is shown in Figure 4.5. These components show the 
resonant structure blueshift with decreasing particle size. The real component 
minimum decreases for particle size decreasing from 16 to 3.0 nm from -7.9 to 
-0.6 x 10-17 m2/V2. The maximum also decreases from 2.7 to 0.2 x 10-17 m2/V2. 
The imaginary component minimum decreases for particle size decreasing 
from 16 to 3.0 nm from -7.9 to -0.8 x 10-17 m2/V2. The maximum also 
decreases from 2.8 x 10-17 to 0.8 x 10-18 m2/V2. χeff(3)  presents narrower spectral 
shape in comparison to the linear LSPR (Figure 2.6) due to the higher-order 
process as shown in Figure 4.6. As discussed in Chapter 2, the size dependence 
of the linear optical properties is dictated by the square of the local field and 
imaginary component of the dielectric function of the Ag particles. From 
ellipsometric results of χeff(3) , the size dependence of the nonlinear optical 









Figure 4.5: a) Real and b) imaginary components of the third-order 
susceptibility χeff(3)  of Ag nanoparticles in SiO2 with average particles sizes 
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Figure 4.6: Third-order susceptibility χeff(3)  of Ag nanoparticles in SiO2 with 
average particles sizes ranging from 3.0 to 16 nm as labeled. 
 
 
4.3.2 Intrinsic third-order susceptibility 
Under Maxwell-Garnett EMA, χeff(3)  is dictated by the forth power of the local 
field and χm(3) . To illustrate the size dependence of the nonlinear optical 
properties to fl2 fl
2  and χm(3) , χeff(3) α  and pfl2 fl
2 α  as a function of the 
particle size are shown in Figure 4.7. They were divided by the linear 
absorption coefficient to eliminate the Ag volume fraction contribution. The 
intensity tendency of χeff(3) α  in respect to the Ag particle sizes ranging from 
3.0 to 16 nm cannot be reproduced by the forth power of the local field. This 
result indicates that χm(3)  also presents size dependence. Conversely, by using 
DFWM with a 7 ns pulse width, Uchida et al. [27] showed that χm(3)  is roughly 
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Magruder III at al. measured Cu nanoparticles by using two laser pulse 
durations of 6 and 100 ps. From the Z-scan results, these authors concluded 
that the optical nonlinearities by using pulse durations of 6 and 100 ps are 
predominantly due to electronic and thermo-optic effects, respectively. For 
this reason, the results of χm(3)  investigated by Uchida et al. are predominantly 
due to thermo-optic contribution owing to the nanosecond pulse width. 
Therefore, the size and spectral dependence of χm(3)  significantly determine the 
optical nonlinearities of Ag nanoparticle’s composite. From ellipsometric 
results Δεm , χm(3)  was evaluated and can be expressed as 
 
Δεm (ω probe ) = 34 χm(3)(ω probe ) fl (ω pump )




Figure 4.7: Normalized χeff(3) α  (☐) and pfl2 fl
2 α  (p) as a function of the 
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Table 4.1: Parameters of Ag nanoparticles embedded in glass, radius ranging 




Figure 4.8 shows the absolute component of χm(3)  of Ag nanoparticle 
with average particle sizes ranging from 3.0 to 16 nm. χm(3)  (Fig. 4.8a) shows 
strong intensity increase with decreasing Ag particle size. To understand the 
intrinsic optical nonlinearities, a theory of quantum finite-size effects in metal 
















Figure 4.8: a) Absolute component of the intrinsic third-order 
susceptibility χm(3)  of Ag nanoparticle with average particle sizes ranging from 
3.0 to 16 nm as labeled. b) Absolute component of χm(3)  of Ag nanoparticle in 





































CHAPTER 4. SIZE DEPENDENCE OF NLO PROPERTIES	   57	  
Rautian’s model of metal nanoparticles [67] considers the conduction 
electrons inside the nanoparticle as a free-electron gas. These electrons are 
considered to be in an infinite spherical potential well. The model does not 
consider particle surface roughness and electron-electron interaction. Rautian’s 
analytical model assumes two dominant contributions to χm(3) . The 
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g3 ,    (4.3b) 
 
where e is the electron charge, n is the electron density, m is the electron 
mass, a is the particle radius, Γ1  and Γ2  are the relaxation rates for 
population and coherence, respectively. g3 and F3 are the integration over 
resonant states and summation of nonresonant terms near the Fermi energy 
EF. The parameters g3 and F3 are considered weakly size dependent. 
δ F = 2 EFE0 , where  E0 = !
2 2ma2 .  
The χmn(3)  contribution accounts for the interactions of the excitation 
electric field with EF electrons. χmr(3)  accounts for conduction electron 
transitions between discrete states, that is, quantum finite-size effects. By 
reducing the number of nested summations from eight to five, Govyadinov et 
al. [29] developed the theory of Rautian a step further without additional 
approximations. The developed equations are amenable to numerical 
calculation. These authors plotted the numerical and analytical calculations of 
the χm(3)  of an Ag nanoparticle in respect to its size (Figure 4.9). For a < 4 
nm, the sharp maxima and minima are due to the quantum finite-size effects. 
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These sharp lines are artifacts created by the numerical calculation at zero-
temperature. Figure 4.9 inset shows the calculation at 300 K. At a finite 
temperature, the discontinuities are eliminated but do not remove the fine 
structure of the dispersion. Numerically, the calculations were carried out with 
a fine step in size of 0.41 nm that is the Ag lattice constant. Experimentally, 
this fine structure is unlikely to be observable owing to the particles size 
distribution. For 4 nm < a < 8 nm, the discrepancy between the numerical 
and analytical calculations are described as from unknown origins [29]. χm(3)  
has the predominant contribution of χmn(3)  and χmr(3)  for bigger and smaller 
nanoparticles, respectively. χmn(3)  and χmr(3)  show dependence on the particle size 
of a2 and a-3, respectively. For this reason, χm(3)  shows a minimum value in 
respect to the particle size (Figure 4.9). The critical particle size, where χm(3)  
has the minimum value, is defined by Γ2 . By using Γ2 = γ ∞ 2  where γ ∞ = 70
cm-1 is the relaxation constant of bulk Ag, the critical particle diameter is 8 
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Figure 4.9: Absolute component of the intrinsic third-order susceptibility of an 
Ag nanoparticle in respect to its size. ω = 0.9 eV. 
In the inset, results at T = 0 and at T = 300 K [29]. 
 
 
The obtained experimental results of χm(3)  of Ag particles also show a 
minimum in respect to the particle size (Figure 4.8). Due to the nonresonant 
contribution, χm(3)  strongly increases with decreasing Ag particle size from 15 
to 3.0 nm. The resonant contribution appears from particle size of 15 nm. 
However, for the experimental results the χm(3)  minimum appears at particle 
size of 15 nm. This result suggests that the Ag nanoparticle Γ2  is reduced 
with decreasing particle size. Γ2  has to be clarified to better understand the 
critical particle size in the results obtained by using quantum finite-size 
theory. 
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Figure 4.10: Absolute component of the intrinsic third-order susceptibility of 
an Ag nanoparticle in respect to its size. At fixed ratio of Γ2 Γ1 = 10 and 
various values of Γ2  as labeled [33]. 
 
 
The real and imaginary components of χm(3)  show strong spectral and size 
dependence. To understand the real and imaginary components of χm(3) , the 
dielectric function of Ag nanoparticles εm  calculated by using a theory of 
quantum finite-size effects in metal nanoparticles will be discussed next [26]. 
The εm  of Ag nanoparticles can be described as 
 
εm = εmfree + εm_ IB ,        (4.4) 
 
where εmfree  is the contribution of intraband transitions and εm_ IB  the 
interband transitions. Classically, the εmfree  is described by the Drude model as 
[26] 
 




ω ω + iγ( ) ,       (4.5) 
 
where ω p  is the plasma frequency. For small nanoparticles, quantum finite-
size effects should also be considered. To account for these effects, the 
conduction electrons were modeled as a free electron gas in an infinite 
spherical potential well. By using Drude model and defining the Lorentzian 









ω if = Ef − Ei( ) !  is the allowed transition frequency from an occupied 
state i to an unoccupied state f and Sif  is the oscillator strength of each 






8Ma2 2n + l + 2( )
2 ,       (4.7) 
 
where M is the electron mass and n and l are the quantum numbers. By using 
the equation (4.6) and (4.7), the real and imaginary components of εmfree  were 
calculated and shown in Figure 4.11. 
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Figure 4.11: Real and imaginary components of the dielectric function of an 
Ag nanoparticle with particle diameter ranging from 2 to 8 nm as labeled [26]. 
 
 
In Figure 4.12(a), the real component χm(3)′  shows negative and positive 
values at lower and higher photon energies, respectively. χm(3)′  presents a 
signal changeover shift from 2.2 to 3.1 eV with the particle size decrease from 
16 to 3.0 nm. As the particle size decreases, the calculated linear ′εm  (Figure 
4.11) shows the conduction-electron transitions shifting toward the visible 
spectrum owing to the discretization of the electron transitions defined by 
Equation (4.7). The signal changeover blueshift of χm(3)′  also reflects the 
discretization of the electron transitions as the particle size decreases.  
In Figure 4.12(b), the imaginary component χm(3)′′  shows a strong 
intensity increase as the particle decreases due to the discretization of the 
electron transitions. The dispersion of χm(3)′′  shows a minimum redshift and is 
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flattened as the particle size decreases. This minimum is most certainly owing 
to the contribution of intraband and interband at lower and higher photon 
energies, respectively. We note that the calculations of linear and nonlinear 
optical properties of Ag particles do not consider the interband transitions 
[26,29]. The linear ′′εm  obtained by ellipsometric results shows a minimum due 
to the intraband and interband transitions. Similarly to χm(3)′′ , this minimum 
redshifts as the particle size decreases. The dispersion flattened and minimum 
at higher photon energy of χm(3)′′  compared to ′′εm  indicate that intraband 
transitions dominate the optical nonlinearities around the LSPR for smaller 
nanoparticles. This increased contribution of the conduction electrons can be 
explained by the increase of allowed electron transitions in the LSPR region 





















Figure 4.12: a) Real and b) imaginary components of the intrinsic third-
order susceptibility χm(3)  of Ag nanoparticles with average particle sizes 
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4.4 Chapter summary 
 
In this Chapter, the particle size dependence of χm(3)  of Ag nanoparticles was 
investigated by using spectroscopic ellipsometry and spectroscopy pump-and-
probe. From the experimental results, I showed a strong intensity increase in 
χm
(3)  as the Ag nanoparticles diameter decreases from 15 to 3.0 nm. The χm(3)′  
and χm(3)′′  show spectral dependence in the vicinity of the LSPR. This spectral 
dependence is increased as the Ag nanoparticles decrease. The intensity and 
spectral dependence of χm(3)  mostly reflect the discretization of the electron 
transitions owing to the quantum finite-size effects. The critical Ag particle 
size for the quantum effects was found at 15 nm. The experimental results of 
χm
(3)  also show that the interband may play an important role to determine 
the optical nonlinearities around the LSPR. As the nanoparticle size decreases, 
χm
(3)  shows strong intensity increase and the local electric-field factor 
decreases. For applications of optical nonlinearities of Ag metamaterials to 
nanophotonics, novel structure designs may optimize the balance between the 
χm












Power dependence of NLO 




Under Maxwell-Garnett EMA, the third-order susceptibility of metal particle 
composites is proportional to the intrinsic third-order susceptibility of the 
metal particle itself and forth power of the local electric field factor. In 
Chapter 4, I had discussed the size dependence of the intrinsic third-order 
susceptibility. Here, the enhancement of the effective optical nonlinearities of 
the metal nanoparticle through LSPR was investigated for Ag nanoparticles 
composites. Despite the great effort in the fabrication and characterization of 
metal nanoparticles and extraordinary interest in its nonlinear optical 
properties, modulation of the local electric field controlled by optical 
nonlinearity is poorly understood. By utilizing the optical nonlinearities of a 
metal nanoparticle via control of the local electric field, all-optical switches, 
routers and repeaters devices in nanophotonics may revolutionize various 
ultrafast optical applications [17].  
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Optical nonlinearities of metal nanoparticles have been often investigated 
at single photon energy by means of Z-scan, DFWM, and pump-and-probe 
methods. The evaluations in these papers were often performed for one 
wavelength only. This treatment restricts the understanding of the 
mechanisms underlying the nonlinear optical properties. The optical 
nonlinearities of Ag nanoparticles composite show strong photon energy 
dependence owing to plasmonics effects. Due to this strong photon energy 
dependence, conflicting previous investigations had attributed the optical 
nonlinearities to a variety of processes; including saturable absorption (SA), 
reverse SA (RSA), two-photon absorption (TPA), multi-photon absorption, 
excited state absorption and free-carrier absorption [68]. Furthermore, several 
previous investigations had shown mixed SA and RSA and evolution from 
RSA to SA as the excitation power is increased. 
In this Chapter, I have systematically investigated the excitation power 
dependence in the nonlinear optical properties of Ag nanoparticles embedded 
in SiO2. Samples description and linear optical properties were discussed in 
Chapter 2. Nonlinear optical properties were evaluated by using spectroscopic 
ellipsometry and pump-and-probe spectroscopy methods. The excitation power 
dependence in the transient transmission changes ΔT /T  shows complex and 
non-monotonic changes. The experimental results of the local field factor 
reveal the possibility to modulate the optical resonance condition of an Ag 
nanoparticle by using its optical nonlinearity.  
 
 
5.2 Power dependence of ΔT /T  
 
Optical nonlinearities were obtained by using a femtosecond pump-and-probe 
spectroscopy. The samples were exited at 0.5 kHz with pulse duration and 
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photon energy of 130 fs and 3.1 eV, respectively. Peak power density was 
controlled with a neutral density filter from 0.41 to 3.70 GW/cm2. These 
values are under the optical damage threshold of the samples. ΔT /T  of the 
Ag nanoparticles embedded in SiO2 at various peak power densities are shown 
in Figure 5.1. ΔT /T  shows a complex change as the excitation power is 
increased. One can observe that for all particles sizes, the maximum increases 
and redshifts with excitation power. The minimum also redshifts with 
excitation power, however, the shift is stronger. For a particle size of 13 nm, 
the shift with excitation intensity increase from 0.41 to 3.70 GW/cm2 is of 
0.03 and 0.07 eV in the maximum and minimum, respectively. The dispersion 
sign changeover redshifts with excitation power. This sign changeover is 




























































D = 9.6 nm
a) 
b) 







Figure 5.1: Dispersion of the transient transmission changes ΔT /T  of Ag 
nanoparticles in SiO2 with average particles sizes of a) 6.6, b) 9.6, c) 13 and d) 
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∂k Δk ,       (5.1a) 
 
 εeff + Δεeff = !n + Δ !n ,       (5.1b) 
    
Δεeff = 34 χeff
(3)I0 ,        (5.1c) 
 
where  !n = n + ik  is the complex refractive index and I0 is the peak power 
density. Under Maxwell-Garnett EMA, the third-order susceptibility χeff(3)  of 
metal particle composites is proportional to the intrinsic third-order 
susceptibility of the metal particle itself and forth power of the local electric 
field factor. In Chapter 3, I have showed that the dispersion of χeff(3)  of Ag 
nanoparticles mostly reflects the local field factor. Around the LSPR, the 
dispersion of ΔT /T  also mostly reflects the local field factor due to the 
relation between ΔT /T  and χeff(3)  (Equation 5.1). To understand the 
dispersion of ΔT /T , the local field factor will be investigated. 
 
 
5.3 Modulation of the local-electric field 
 
5.3.1 Local field factor 
The local field factor of metal nanoparticles for a low excitation was discussed 
in the Chapter 1. The local field factor was obtained for Ag particle sizes of 
6.6, 9.6, 13 and 16 nm and shown in Figure 5.2. The dielectric functions of Ag 
nanoparticles and SiO2 were obtained by spectroscopic ellipsometry. One can 
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observe that the local field enhancement increases with the increase of Ag 
nanoparticle size. Also, the resonance structure redshifts with the Ag 
nanoparticle size. This increase and redshift are due to the modification of the 

































Figure 5.2: a) Absolute, b) real and c) imaginary components of the local field 
factor of Ag nanoparticles in SiO2 with average particle sizes of 6.6, 9.6, 13 
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5.3.2 Evaluation of the modulation of the local field factor 
By using the Maxwell-Garnett EMA, the local field factor was evaluated at 
various excitation intensities. Similarly to Chapter 4, χeff(3)  and χm(3)  were 
evaluated from ΔT /T  by using spectroscopic ellipsometry and pump-and-
probe spectroscopy [see Equations (4.1) and (4.2)]. χeff(3)  of Ag nanoparticles 




Figure 5.3: Absolute component of the third-order susceptibility of Ag 
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5.3.3 Modulation of the local field 
The local field factors of Ag nanoparticles composites at various excitation 
intensities are shown in Figure 5.4. For all particle sizes, the local field 
enhancement peak shows an intensity decrease and redshift as the excitation 
intensity increases. This decrease is stronger for higher excitation intensity; 
i.e. for particle size of 13 nm, relative excitation intensity from 0.11 to 0.42 
and 0.11 to 1.00 shows a reduction in the local field enhancement peak of 2 % 
and 9 %, respectively. Furthermore, the local field factor values at lower 
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Figure 5.4: Absolute component of the local field factor of the Ag nanoparticle 
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The local field factor depends on the excitation intensity and can be 
expressed as 
 
fl (ω , I0 ) =
3εd (ω )
εm
EXC (ω , I0 )+ 2εd (ω )
,      (5.2a) 
 
εm
EXC (ω , I0 ) = 1+ χm(1)(ω )+ χm(3)(ω ) fl (ω , I0 )
2 I0 ,    (5.2b) 
 
εm
EXC is the dielectric function of an Ag particle at excitation-state. From 
Equation 5.2, one can observe the coupling between εmEXC (ω , I0 )  and fl (ω , I0 ) , 
and fl (ω , I0 )  shows intensity dependence as the excitation intensity increases. 
However, the local field factor is generally thought to be constant [30,69]. 
Owing to this coupling, the Ag nanoparticle behaves as an internal feedback 
system that can alter its resonance condition by optical nonlinearity. 
Therefore, this internal feedback system leads to the peak position shift and 
spectral modulation of the local field factor that can be observed in Figure 
5.4. For the smallest Ag particle size (6.6 nm), one can observe an overall 
dispersion decrease and shift smaller than 0.01 eV of the local field factor with 
excitation intensity. It demonstrates that the modulation of the local field 
factor by optical nonlinearity depends on the particle size. For a small 
particle, the local field enhancement might not be enough to modify its 
resonance condition. To understand these experimental results, a numerical 
calculation of the modulation of the local field by optical nonlinearities via 
χm
(3)  will be discussed next. Drachev et al. [Drachev] have shown the local field 
factor of an Ag particle with various sizes and excitation intensities. The local 
field fl (ω , I0 )  can be solved numerically with [33] 
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A fl (ω , I0 )
6 + B fl (ω , I0 )
4 +C fl (ω , I0 )
2 + D = 0 ,    (5.3a) 
 
and the coefficients as 
 
A = c2 + d 2 , B = 2 ac + bd( ) , C = a2 + b2 , D = −εd2 ,   (5.3b) 
 
these parameters as 
 
a = Re εm( ) + 2εd , b = Im εm( ) , c = I0 Re χm(3)( ) , d = I0 Im χm(3)( ) ,  (5.3c) 
 
The numerically solved fl (ω , I0 )  at various excitation intensities is 
shown in Figure 5.5 [33]. For Ag nanoparticle size of 6 nm, the enhancement 
peak decreases with excitation intensity increase. For 22 nm, the enhancement 
peak decreases, and also redshifts and becomes distorted. From experimental 
results, these features were observed from particle size of 9.6 nm. The 
modulation of the local field factor by optical nonlinearities depends on the 
particle size. For smaller particles, the local field enhancement is not sufficient 
to modify its resonance condition via the third-order nonlinearity. 
The modulation of the local field factor plays an important role to the 
nonlinear optical properties of Ag nanoparticles, including ΔT /T . As the 
excitation intensity increases, ΔT /T  changes non-monotonically (Figure 5.1). 
The resonant structure of ΔT /T  redshifts, however the maximum and 
minimum shift differently; i.e. for a 13-nm-Ag-particle, the maximum and 
minimum of ΔT /T  shift 0.04 and 0.07 eV, respectively. The sign changeover 
of the resonant structure also redshifts with the excitation intensity increase 
and the shift is stronger for smaller particles. To better observe the non-
monotonically changes with power and size dependence, ΔT /T  at selected 
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photon energies with respect to the excitation intensity is plotted in Figure 
5.6. From 0.41 to 1.55 GW/cm2, relative excitation intensity from 0.11 to 
0.42, ΔT /T  can be considered linearly proportional to the excitation intensity 
[19]. In this range, the linear fit of ΔT /T  is shown as dashed lines. As the 
excitation intensity exceeds 1.55 GW/cm2, ΔT /T  shows a complex behavior. 
At 2.80 and 3.10 eV, ΔT /T  intensity decreases with respect to the nonlinear 
response at lower excitation intensity. Conversely, the intensity increases for 
3.00 eV. Furthermore, around 2.93 eV, for all particle sizes, ΔT /T  changes 



























Figure 5.5: Absolute component of the local field factor of an Ag nanoparticle 
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Figure 5.6: Transient transmission changes ΔT /T  of Ag nanoparticles 
embedded in SiO2 with particle sizes of a) 6.6, b) 9.6, c) 13 and d) 16 nm. 
Values relative to a maximum pump intensity of 3.70 GW/cm2. Solid lines are 
guides to the eyes. Dashed lines represent the linear fit of ΔT / T of 2.80, 
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From Figure 5.6, one can observe the strong sensitivity of the ΔT /T  of 
Ag nanoparticles composite to the particle size, photon energy and excitation 
intensity. By measuring at single or a few photon energies around the LSPR, 
these dependencies can potentially result in misleading conclusions by 
attributing SA and/or RSA to a specific metal nanoparticles. 
Phenomenological SA and RSA correspond to positive and negative ΔT /T , 
respectively. By using an open aperture Z-scan, Boni et al. [70] have measured 
the optical nonlinearities of Ag nanoparticles, with an average particles size of 
5.4 nm, in a lead-germanium oxide glass (Figure 5.7). Pulse width and 
repetition rate of 120 fs and 1 kHz, respectively. From Z-scan results, they 
attributed RSA between 2.25 (550 nm) and 2.58 ev (480 nm) owing to a two-
photon absorption process of the substrate enhanced by the Ag particles. 
Ganeev et al. [71] have measured Ag nanoparticles, with 5-10 nm sizes, in 
water (Figure 5.8). Pulse width and repetition rate of 1.2 ps and 10 Hz, 
respectively. At 3.12 eV (397 nm), they concluded SA owing to a nonlinear 
refractive process. In contrast to these conclusions, the dispersion of ΔT /T  
(RSA and SA) in the vicinity of the LSPR observed here, are attributed 
mainly to the dispersion of the local field factor (plasmonics effects) via χm(3)  














Figure 5.7: Open aperture Z-scan at several wavelengths in Ag particles in 





Figure 5.8: Open aperture Z-scan at 3.12 eV (397 nm) in Ag particles in water 
with particle size of 5-10 nm [71]. 
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By using an open aperture Z-scan, Karthikeyan et al. [72] systematically 
measured the ΔT /T  of Ag nanoparticles embedded in soda lime glass with 
four particle sizes between 2.6 to 6.3 nm (Figure 5.9). Pulse width and 
repetition rate of 100 fs and 1 Hz, respectively. At 3.07 eV, they attributed 
RSA for small Ag particles owing to the interband transitions by two-photon 
absorption process. In contrast to these conclusions, here I showed that all 
particle sizes present negative and positive ΔT /T  at lower and higher photon 
energy (Figure 5.1) owing to plasmonics effects. In Karthikeyan et al.  
investigation, the size dependence of the normalized transmission is due to the 























Figure 5.9: Open aperture Z-scan at 3.07 eV (404 nm) in Ag particles in soda 
lime glass with estimated particle size of 6.35 (550 oC), 4.62 (500 oC), 3.63 













Figure 5.10: Open aperture Z-scan at 3.07 eV (404 nm) in Ag particles in soda 
lime glass with estimated particle size of 6.35 (550 oC), 4.62 (500 oC), 3.63 
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By measuring at single photon energy around the LSPR, excitation 
dependency can also potentially result in misleading conclusions by attributing 
changeover from RSA to SA to a specific metal nanoparticles [73-80]. By using 
an open aperture Z-scan, Henari et al. [32] measured the ΔT /T  of Ag 
nanoparticles embedded in europium oxide glass with excitation intensities of 
1.1 x 107 and 3.2 x 107 W/m2 (Figure 5.10). Experiment was performed with a 
continuous wave at photon energy of 2.60 eV (476 nm). They attributed RSA 
to the interband transitions by two-photon absorption process and SA to the 
surface plasmon resonance band bleach. Here, I showed that the sign 
changeover from negative to positive values of ΔT /T  with respect to 
excitation intensity appears near the LSPR owing to nonlinear modulation of 
the local field via χm(3) .  
 
 
5.4 Chapter summary 
 
In this Chapter, the characterization of the optical nonlinearities of Ag 
nanoparticles on excitation intensity, particle size and photon energy explored 
the fundamental nonlinear optical properties of metal nanoparticles. The 
present results clarified the apparently conflicting previous findings based on 
Z-scan measurements. In contrast to conclusions based on single photon 
energy results, I have shown that the dispersion of the transient transmission 
changes reflects mainly the local field enhancement and its nonlinear 
modulation. For all Ag particle sizes, the transient transmission changes show 
negative and positive values at lower and higher photon energy in the vicinity 
of the localized surface plasmon resonance. For particle sizes larger than 9.6 
nm, the transient transmission changes peak position and change of sign 
redshift with excitation intensity increase. This demonstrates the modulation 
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of the resonance condition by optical nonlinearities. The modulation control of 
the local electric field of a metal nanoparticle via third-order nonlinearities has 
several applications in nanophotonics. Intrinsic nonlinear modulation without 
an external feedback system shows ultrafast response, energy efficiency and 
nanoscale device size [17,81-84]. These results may provide new insights to 










In this Thesis, I fabricated Ag nanoparticles embedded in silica glass and 
evaluated its optical nonlinearities. From these results, fundamental nonlinear 
optical properties were investigated. The main achievements of this study are: 
 
• I successfully analyzed the dispersion of the effective χeff(3)  and intrinsic 
χm
(3)  in a wide photon energy range (2.0 – 3.5 eV) with particle sizes 
in the quantum regime. 
 
• I demonstrated the effects of size quantization in the nonlinear optical 
properties of Ag nanoparticle ranging from 3.0 to 16 nm. χm(3)  
strongly increases for smaller particles. In addition, I showed the 
critical particle size at 15 nm. This critical size is due to the 
contribution of quantum and plasmonic effects at smaller and bigger 
particle sizes, respectively. 
 
• I demonstrated the nonlinear modulation of the local field factor via 
χm
(3)  without an external feedback system. This modulation shows size 
dependence. For D ≤  6.6 nm, overall decrease of the local field factor 
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was observed with excitation intensity increase. For D >  6.6 nm, I 
showed the modulation of the local field factor. 
 
• I showed that ΔT /T  has a non-monotonically change with excitation 
intensity around the LSPR. Negative to positive ΔT /T  with 
excitation intensity was observed. 
 
• From the experimental results of size and power dependence of the 





6.1 Future work 
 
In this Thesis, I have measured and analyzed the χm(3)  of Ag nanoparticles up 
to particle size of 16 nm. This was a limitation of the ion-implantation 
technique. Theoretical approaches predict an increase of χm(3)  with r2 
dependence. However, this theoretical result is unphysical and χm(3)  is expected 
to converge to the bulk value for larger particles. Therefore, experimental 
measurements of particle sizes larger than 16 nm are needed. 
 
Influence of interband transition and “hot electron” to the size 
dependence of χm(3)  can be investigated by measuring Au and Cu 
nanoparticles. These metal have overlapped LSPR and interband transitions. 
 
 




I have shown the nonlinear modulation of the local field factor via χm(3)  
without an external feedback system. By controlling the nonlinear modulation 
control of the local field factor, bistable regime of the nonlinear optical 
properties may be observed at specific conditions. This bistable regime plays 
an important role to advance several nanophotonics technologies, such as 
ultrafast all-optical switches, routers, repeaters and single-photon generation. 
In most configurations, optical bistability is achieved by a nonlinear material 
and an external resonator. However, the use of an external feedback system 
slows down the temporal response and requires special alignment. Intrinsic 
optical bistability of pure metallic particles has been predicted numerically 
but never experimentally realized yet. 
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